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ABSTRACT

The purpose of this work was to determine the validity of the
theory (ref. 1) for measuring rotational and vibrational tempers-
tures of Ngxlz; from the spectral characteristics of the gas
fluorescence caused by inelastic collisions between gas molecules
and high energy electrons (25-28 Kev). The initial investigator
conducted experiments for two gas temperatures, approximately 500o K
and 3730 K. These experiments were conducted in a flowing low
density nitrogen gas.

The experiments reported here were performed in e static gas,
in thermal equilibrium. The test gas was alr and the data were
obtained from the nitrogen constituent. Rotational temperature
measurements were conducted over a 300o K to llOOo_K range. Both
the 0-0 and 0-1 bands of the first negative system of nitrogen were
used for the measurements.

The experiments were performed in a unique test chamber which
was designed for this work. The test chamber permitted control of
the test gas pressure and temperature over a continuoue range of
1.5 to 133.3 N/m2 and approximately 300o K to 1100° K, respectively.
Data were obtained with the aid of a 0.5 meter Fastie-Ebert scanning
spectrometer.

The results of the experiments indicated that the rotational
temperature may be measured with at least i8 percent accuracy over
a 300o K to 1100° K range. Vibrational temperature measurement

results were within an estimated accuracy of 118 percent.



MEASUREMENT OF N, X'5} ROTATIONAL AND
VIBRATIONAL TEMPERATURES OVER A 300° K TO 1100° K RANGE
USING A HIGH-ENERGY ELECTRON BEAM



INTRODUCTION

Thermel equilibrium conditions of & molecular system may be
determined by measuring and comparing the molecular translational,
rotational, and vibrational temperatures. Rotational and vibra-
tionel temperature may be determined through the application of
the well-known spectral emission intensity equation to spectro-
scopic observations of a thermally _excited gas.

The rotational and vibrational temperature of a low-temperature
gas, which radiates very weakly, 1s of physical interest also. It
is known that high-energy electrbns may be used to cause gas fluo-
rescence. The question then arises: Can the radié.tion, as &
result of high-energy electron inelastic collisions with gas mole-
cules, be used for determining rotational and vibrational temperature?
The enswer to this question is contained in the validity of the theory
for determining the relative number density population of the rota-
tional and vibrational energy levels of the excited electronic state.

The initisl investigator (ref. 1), who formulated the theory for
this epplicetion, experimentally investigated the validity of the
theory for the rotational temperature measurements for two test

temperatures, approximetely 3000 K and 3750 K. These experiments
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The purpose of the experiments reported here was to enable an
investigation of the validity of the theory for rotational temperature
measurements over a range from 300o K to 1100° K. Rotational tempera-
ture measurements were made from data obtained from the 0-0 band as
well as the O-1 band of the nitrogen first negative system. These
experiments were conducted in e static test gas, in thermal equilib-
rium. This procedure avoided any corrections that might be required
for a dynamic gas condition.

Vibrational temperature experiments were also conducted at
300° K and 100° K. These data were taken under the same test conditions
as existed for the rotational measurements.

The temperature measurements that were obtained from a pure
N2 test gas were fdund to be the same, within experimental error,
as those obtained with air as the test gas. The data presented here
were obtained from the experiments conducted in air.

The procedure for this investigation was to pass high-energy
electrons through a static test gas at a known temperature. The gas
was contained in a test chamber which could be maintained at a desired
temperature and pressure. With the test gas under controlled conditions,
measurementé of the rotational and vibrational temperature were per-
formed and compared with a reference temperature. This comparison
provided the basis for determining the spplicablility of the theory
over a range of temperatures.

The first portion of this paper outlines and develops the theory
similar to that as presented in reference 1. This is followed by a
description of the experimental system and test procedﬁre. Finaelly,

the experimental data -and results are presented.



CHAPTER I
THEORY

Introduction

The test gas used in this investigation was air and the primary
sources of visible and near ultraviolet radiation were the first nega-
tive and second positive systems of nitrogen. The first negative system
is a source of Intense and reso]:va.ble spectrum and because of the abun-
dance of available information concerning this system and similar work
done by others (refs. 1 and 2) this system was selected for investiga-
tion. The excitation and emission path for the first negative system
is illustrated by an enefgy level diagram (fig. 1). A high-energy
electron, designated as a primary electron, is emitted by a source and
has an inelastic collision with a ground state nitrogen molecule, Nlez;.
The molecule is excited to the excited ionized state, NE 2;, from which
it spontanecusly radiates and drops into the ground ionized energy state,
N’éxzz;. The intensity and spectral distribution of the spontaneous
emitted radiation reflects the vibrational and rotational characteristics
of the molecules that were in the NpX'Z} state.

Rotational and vibrational temperatures may be obtained from an

application 61’ the intensity of emission equation

Top = NyhevorA oo (1)



where hecvpyy, is the energy of the emitted radiation as a result of

the transition between states n and m, Vom 1is the wave number of
the emitted radiation, Apy is the transition probability of emission,
and Np 1is the number density population of the initial level of transi-
tion. An inspection of equation (1) shows that all terms are constants
or dependent only on the particular transition involved except Nj.
Application of equation (1) requires the determination of the population
and its distribution in the initial level, N3B°C}. The following section
will present arguments for determining the population source of NEBzxz
and following this will be a discussion of the excitation-transition
process and the development of an intensity of emission equation which
relates the observed emission to the electron beam excitation process

for obtaining rotational and vibrational temperature.

Primary N;Ba}.‘.: Population Source

Determination of the population of N3B°E) state of nitrogen
requires consideration of sources. The sources as & result of primary
electron inelastic collisions are:

R %

2. Bxcited states of Np

3. u‘;'_;x%:;

Comparison of the cross sections for excitation to discrete excited
states of No and for ionization of Np, hereafter designated as excita-
tion and ionization cross sectioms, respectively, provides a means for
.estimating'the population contributions to NE from excited N, states
relative to the contribution from Néx;2+ state. The excltation cross

29
section may be calculated from (ref. 3)



g = Z 81(5%)2 I(dx)o_n|2 In q (2)

n

where the sum is over the discrete states of neutral nitrogen and
(dx) is the x-component of the dipole moment. The momentum transfer,
q, includes the scattering angle which is limited in the Born

approximation to (ref. 3)

6 << vo/v (3)

v is the velocity of the primary electron (1 x 101

em/sec for this
work) and v, is of the order of magnitude of the velocity of an
atomic electron. The upper limit of the scattering angle is about 1°.
The ionization cross section may be determined from theoretical
curves for energy loss of electrons per unit path length as a
function of electron potential (ref. 4), knowing that 33 to 35 ev
are required to form an ion pair (ref. 4) and the molecular number
density of the test gas.
The resultant ratio of the ionization cross section to the excita-
tion cross section is at least 10 to 1 end is probably 100 to 1 for

10

primary electrons with a velocity of 1 x 10 cm/sec’ This observation

is substantiated by the experimentsal results of this and other works

(ref. 1). The number of excited N, molecules excited to NZBQE:

through a second inelastic collision will be insignificant in comparison

+ 2+
with thc number of ﬂéxlz; molecules excited directly to NbBQZn. Also,

the number of ionized molecules in the NZX?ZE state that are excited to



;322: will be small since the excitation cross section for ionized

N
molecules is expected to be of the same order of magnitude as that
for nonionized molecules. But, the number of molecules excited to
N"z' Z‘.; from Nexlzg mey be about equal to the number excited to
NZBQZ':; since the ionization cross sections would be approximately
equal. If the cross sections are approximately equal and since Nngz":
and other excited states of NE may spontanecusly radiate and drop
into the N‘éxzzz state, it is possible that the number of molecules
excited to N3BZ, from WXL} would be significant. However, the
experimental results of this work and others (refs. 1 and 2) indicate
that this 1s not the case. Therefore, the population source of NEBQZE,
as a result of inelastic collisions with primary electrons, is primarily
Nlez‘; .

Secondary electrons and their possible effect on the population
of N;B%.'{ mey be determined qualitatively by considering two energy
ranges, above and below ionization threshold. Secondaries which have
energles in excess of the lonization threshold, approximately equal to
16 ev, do not present any significant problems unless the excitation by
these relatively slow electrons is different from that of the primary
electrons. Previous Investigators have not observed such a difference
(refs. 1 and 2). Secondaries vhich have energies less than 16 ev would
have to have inelastic collisions with excited moleculies in order to
ionize. Therefore, it is belleved thet the number of ions resulting
from inelastic collisions with secondaries of 16 ev or less is small

compared with the ions resulting from primary electrons and secondariles



Cascading from various ionized states of NZ to N;BQSZ is

another possible population source. An inspection of the potential
curvesiand energy levels of the various excited ionized states which
have been observed (ref. 6) shows that most transitions to N 22:
ere parity forbidden or that the resultant overlap integral would be
very small.

It may be concluded from the preceding discussion that the primary
population source for N;Bzzz is Néxlz; aend is a result of inélastic
collisions of molecules in the Nexlz; energy state with primary

electrons and secondaries with energies of 16 ev or larger.

Excitation-Transition Process

In order to determine the population of the vibrational and
rotational energy states.of NZBezz, the excitation-transition process
must be evaluated. The excitation process is a function of the
excitation conditions including excitation cross section and electron
current and potential. The excitation function may be represented
by a tem Ce which is & constant for a particular electron transition.

In order to calculate the transition probabilities for the
excitation process, it is necessary to represent the initial and final
molecular states with an appropriate wave function. The relative mass
cf the atomic nuclei and electrons was considered in selecting the
appropriate wave function. Because the mass difference is very large,
the velocity of the nuclei is small compared to the velocity of the
orbital electrons. Therefore, the motion of the orbital electrons is

taken to be about a fixed nuclei configuration. With the preceding
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consideration, the Born-Oppenheimer approximastion for the molecular
wvave function is made.

The wave function for diatomic molecules in the Born-Oppenheimer
epproximation is

‘yevJAM = We(ri:r ) ‘3’ ( AM(Q,X:CP) (%)

where we is the electronic wave function with the ith electronic |
coordinate ;i referenced to the molecular axis, wv is the vibra-
tional wave function with nuclei separation ™y and WJAM the rota-
tional wave function which is a function of the Euler angles (9, X, ).
The Euler angles relate thé molecular coordinate system to the
coordinate system of the fixed point of observation. Also, it is
assumed that the interaction of the primary electron with the orbital
_electrons can be described by a coulombic potentiel. Therefore, the
following metrix element of this interaction may be used to describe

the excitation.

| 2
Z P,.xlz v"J"A"M") (5)

e.,e ,322+V'JﬂA'M'
P'"S u T4
i

In the above expression, the initlal and final wave functions of the

primary electrons are represented by e and epis © the secondary

P" S 1
Xl + 2.+

electron, Zg end B Zu represent the initial and final electronic

wave functions, v" and v' the vibrational states, and J"A"M" and

2

J'A'™M' the rotationsal states. Of course, \ gi— is the coulombic
- 11

interaction term where the quantity r is the distance between the

11
high-energy primary electron and the ith orbital electron.
It should be noted that in the notation to be used later, prime

+
superscripts refer to 112322: states, double prime superscripts with
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a one (1) subscript refers to Nle Z'; states and double prime super-
scripts with a two (2) subscript refers to Nzxzz‘; states.

Since the particular transition of interest results in the
1

removal of one orbital electron and for simplicity T will be
14
replaced with ri where the removed electron is la%eled with & sub-
12

seript 2. The removed orbital electron is a cru2s electron from Nlezg
to form NEBQZ*' s therefore, the electronic state may be expressed as

' xlz:+ [322"'0 25] (ref. 7). Equation (5) is now rewritten as

‘Eﬂ'[BEZuouas] v"K"A"M"> (6)

(epues :th.uv'K'A'M'

Note that K has been used in place of J; this may be done from
consideration of the applicable coupling scheme which is Hund's case (b)
(ref. T), and by suppressing the spin anguler momentum.

In order to evaluate this matrix element for high-energy primary
electrons, a plane wave approximation 1s made for the primary electron
wvave functions and the integration over the primary electron coordinates

is performed. This integration gives (ref. 3)

[ ep«(rl)( >e1>"(r1)d11 5 1R (7

wvhere q is the momentum transfer and '1"2 is the position vector of
the interacting orbit electron. At this point e series expansion of

eia'-f2 is made
eld-F2 . l+iq'r2-—(qor) o (8)

To a first-order approximation the first two terms of the above expansion

are retained. But the contribution from the first term in equation (8) is



zero because of the orthogonality of the initial and final states
of the molecule. Therefore, equation (6) is given by

11-!( e2(e B % V'K'A'M‘lia . §2| [Bez:ouasjl V"K"A"M") (9)

a

In order to evaluate equation (9) further, the vector 1"2 is

transformed to the coordinates of the molecular axis through the
dysdic D(9, X, ®) vhich relates the molecular coordinate axis to
the fixed coordinate system of the point of observation. Therefore,

equetion (9) is rewritten

Duw
i.___&”"; - (K'Y D(8,%,0) |[K"AM") + (g B°miv| 2| [B o 2']
q 4
{(10)

The absolute value squared of the term -—hl(-e—-g- is contained in the
. . q
‘excitation function, Ce , and will be suppressed in the following

equations.

Equation (10) provides the roﬁational quantum number selection
rules of AK = 1 for A" = A' =0 transitions. In addition, when
equation (10) is squered and the summation of the quantum nmumbers M"
end M' is performed the results give the band and line strength
terms.

The square of the second matrix element is defined as the band
strength, or the vibrational transition probability, and is designated
Pv,v... Band strength Pv'v" may be approximated by assuming a mean

value of the internuclear separation. Then the second matrix element

of equation (10) may be written
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2

(eg .BZZ'I: lf'é | [322'{0“25] ) 2 |(v'/v")

Prign =

(11)

The overlap integral of the vibrational wave functions squared I(v'/v")l 2
is the well-known Franck-Condon factor, gqyur,n. Generally, equation (11)

is then expressed as

Pytyn = IRijle Uy ty" (12)

In order to take into account the variation of internuclear separation,
a method of T centroids (ref. 15) is used where T 1is the expectation
value of the internuclear separation,' TN, as determined by the vibra-

tional wave functions. Now, the band strength is given by
e /= 1|2
?v'vtl = ‘Rij(rn)l Qytyh ‘ (15)

The rotational line strength is given by the first matrix element

of equation (10) squared, swmed over M" and M'
L |(K'A'M'|DIK"A"M'9| - (1)
M'M

AN
This term is the well-known Honl-London factor S%nﬁn which is well
tabulated (ref. 7). For the transition of interest, the relative
rotational line strength may be obtalned through the ratio of the line

strength to the sum of the line sirengths, that is,

(15)
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This equation is the relative line strength for excitation-transition
vwhich is indicated by the superscript a. The relative line strength
for emission is the same except the summation is over K" and is

designated P;.

The preceding work of this section has been based on a pleane
wave approximation for the high-energy incident primary electron.
It is necessary to consider low=-energy secondary electrons since
these may contribute significantly to the number of ionized nitrogen
molecules. Several observations may be made without msking a detailed
analysis of the excitation-transition process. It should be noted
that for electronic states of the homonuclear nitrogen molecule,
X;Zz and 322: rotational levels have symmetric and antisymmetric
_states under nuclear exéhange. The symmetry properties of XIZ;
and 322; are the opposite with respect to even and odd rotational
quantum numbers. And, only transitions between rotational energy
levels with the same symmetry are allowed. Therefore, the same
selection rules with respect to AK for high-energy electrons apply
to low-energy electrons. The only difficulty would be if the first-
order approximation is not sufficiently accurate such that AK = %3
transitions would contribute appreciably in order to describe sec-
ondary electron-induced transitions. If this were 8o it would affect
the resultant rotational temperature measurements. However, this
hed not been observed in previous investigations (ref. 1). Also, it
is assumed that the factorization of equations (12) and (13) is still

velid.
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Vibrational Temperature, T,
The intensity of spontaneously emitted radiation as a result of

transitions between two vibrational energy states is given by

IV'Vé' = V'hch'Vé.A'V'Vé' (16)

vhere Av'vé‘ is the transition probability of sponta.neoué emission

for transitions between initisl vibrational level, v', and a terminal
vibrational level, vé' , and Vv'vé' is the wave number of the resultant
radiation of the transition. Vibrational temperature may be determined
by measuring the intensity of a vibrationsl band (ref. 7), provided the
number density population, Nyi, has a Boltzmann distribution. However,
for this work, this is not the situation. The number density population
Nyt and its distribution 1s & function of the soufce level population,
distribution, and the excitation-transition process.

For this work it has been shown that NpX'Zy is the primary source
of molecules which are excited to N"'EBZ}.‘.; as a result of inelastic
electron collisions. Therefore, Nyr+ and the resultant intensity of
spontaneous emission 1s dependent on the distribution and the number
Qensity population of the vibrational energy states, Nyy, of Nexlzz.

The steady-state relation between N.: and Nv{ as a result of inelastic
elec

tron No collision is given by

o

Ryt = 2 ) Nyryrgn (1)
vViITR /, TV

L

V1
where the product Cg Z Pv'vi' describes excitation and transition

Vi
process between v{ and v'. Co 1s the excitation function and Pv'v]':
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is the vibrational band strength described in the preceding section, and
R is the depopulation rate. The term Ce/R will be designated C!
henceforth. If it is assumed that the Nle):; vibrational energy
states are in thermal equilibrium, then the number of molecules in a

glven NVI vibrational state is given by a Boltzmann distribution
N - n/]ﬂ'
Nyr a2 ¢ E"‘l v 18

where Qy =Zﬁ e"EV{/ XTv 15 the “state sum" or partition function,
v

Eyn = eCo(vi)he/KTy  tne characteristic emergy of the v{ level,
Go(v]) the vibrational term, N, the steady-state population of NpX'Zg,
and Ty the vibrational temperature. Therefore, with the substitution
of equation (18) into eqﬁation (17), the dependence of Ny¢ on the Ty
‘

of Naxlz; 1s established, and the relation between vibrational temp-
erature of nlezz and the intensity of spontaneous emitted radiation,
equation (16), can be determined.

It is not necessary to make absolute Intensity measurements since
Ty may be determined through ratio of intensities of two vibrational
bands. The resultant equation, as derived from equations (16), (17), and

(18), 1s

)

K4/ KT
L G

,[\/I

- " m‘
€ Evl/ V Bvivifviviveiva
vl '
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Note that Cl, No, and Q, canceled in the above ratio since these
temms are independent of a particular v' - vj_' transition. Therefore,
with equation (19), the variation of the intensity ratio as a function
of Ty may be calculated. As an example, the calculation for the
intensity ratio for the O-1 and 1-2 bands is shown in figure 2. The
transition probabilities used for this example were obtained from
references 8 and 9.
Rotational Temperature, TR

It 1s shown in references 7, 10, and 11 that a rotational tempera-
ture may be determined by measuring the relative intensities of the
rotational fine structure spectrum. However these measurements are
based on the assumption that the initial level of the transition is in
thermal equilibrium. Btfb s a8 mentioned previously, this is not the case
for this investigation. The initial level rotational number density,
Nk of N;Bzz;, is a function of the excitation-transition process,
depopulation rate, and number density, NKi of Nlezzg If it 1s
assumed that rotational states of a v_{ are in thermal equilibrium,
then in' is given by (ref. 7)

Nyt "
Ngy = Zl;v'j; (k7 + l)e"EKJ_/m'R (20)

1

J .
where Q. =) (2K" + 1)e~EK!/KTR is the rotational partition function,

o

EKI'I'. = e-F(K:'i)hc/ KTR the characteristic energy of a rotational state,
F(K]) the rotational term, and Tp the rotational temperature. Again,

notice that a relation to a temperature has been established through the
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Boltzmann factor based on the explicit assumption that thermal equilib-
rium exists in the ground electronic state of the neutral species of No.

In order to interpret this temperature dependence in the resulting
intensity of radiation, the selection rules for transitions between
various rotational energy states are applied. The applicable selection
rule given in the excitation-transistion section is AK = 1. Therefore,
the resultant total angular momentum change is AJ = 11 +1/2 where the
/2 s, that is, spin anguler momentum, reflects the removal of an orbitel
electron.

The effects of electron spin increase with the rotational quantum
number and results in line splitting of approximately 0.4 cm~l for
Kg = 23, which i1s the practical limit of observation. The ratio of line
spacing to spin splitting for Kg = 25 1is 50 to 1. Therefore, spin
éplitting in comparison with rotational line separation is negligible.
Because the ratio of line spacing to spin splitting is large and the
spin splitting is experimentally unresolved in this work, an effective
sumnation over spin components is performed. The transition may then be
formally described by ]2 - ]Z and the associated selection rule is
K = 11,

The AK = 1 selection rule predicts the formation of a P-branch
(AKX = -1) and R-branch (AK = +1) in the rotational fine structure of a
vibrational band in excitation as well as emission.

With the formation of the FP- and R-bianches, the steady-state

population of Nngz; is given by*

*The following derivation is similar to that of reference 1 by
E. P. Muntz.
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-

NK, = Ce' Z' [:Nﬁ"-l-l P;R + Nﬁ"-l ng] . PV'V_{ (21)
t

v

where PﬁR and PﬁP are the relative rotational line strengths of

absorption, previously described, for the P- and R-branches. Writing

P§R and P;P in terms of K' (ref. 7)
K'
PR = ST (22)
K'+1
R~ 25 73 (23)

Now, by using equations (22) and (23) and expressing equation (20)

in K' terms through the selection rule AK = 11

Ngn +1P§R - 2—1’1 K'e Ex'-1/KTg (24)
N,u Jxm
NEn_ngP = Er'l (k' + 1)e~Ek'+1/KTp (25)

With the above expressions, equation (21) may be written as

N uwP_ ¢ 1{A)
e _;TL(_ (26)
vi
vwhere
(a) = K'e-EK'-1/¥TR 4 (K* + 1)e~Bxr+1/¥TR (27)

Term (A) 1is defined for ease of manipulation.
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With the determination of Nk, the intensity of emitted radia-
tion may be calculated as a function of the rotational temperature s TR

Before the calculation may be accomplished, it is necessary to set up

v'K" veoxu .

'K', K2 = XV V! "PR (28)

an expression for the emission transition probability, A

where X 1s a constant, Vv 1is the wave number of the transition,
and Pg is the relative rotational transition probability for emission.

PR for emission 1s given by (ref. T)

pe . K (R-branch) (29)
RR  2k' + 1
e K'+1

PRP = m (P-branch) (30)

in emission only the R-branch is suitable for practical use since it
can be easily resolved.
Therefore, the intensity of emission for a particular R-branch

transition is given by

Ko
LT | & e-E"f/mv Pv'vi'(A) K
Igigy = X4V Z (21(' - l)Pv.vé. (31)
vy A
1
This equation is simplified by noting that the product
XCIPy 1y /Qy (32)

is e constant, Z, for a particular v' - vé‘ transition. Also, the
equation mey be put in conventional form (ref. 7) by noting that

2k' =K' + Kg + 1 for R-branch transitions. Therefore,
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Ix'ks 2t o Pv'v"e-Evi'-/mv (A)
K'+Ké'+1=2K'+1 Qr (33)
Vi

For the case of T, S 800° K, 99 percent of the total population

is in the vi' = 0 level. Equation (33) may now be written

TKKSTo | 21v#[@) e~BoK' (K"+1)he/kTg (34)
K'+K5+1

where

ZPy1 ° e“:E:O/K]:V

VA 5
i (35)

KreZBoK'me/KIR | (pv 4 1)e-2Bo(K'+1)he/iTg
[¢] - T (36)

Note that a reference intensity Io has been included to permit the
measurements of relative intensities. The new term [G] involves Ty
and requires a solution of equation (34) through a process of iteration.
For the case of Ty of 800° K $ T, < 1100° K, only a small error
is introduced by assuming that equation (34) applies to this case. The
error is small since less than 5 percent of the total population of
NX!E¥ st Ty = 1100° K occuples the upper vibrational states. The
error introduced in the calculated TR by this approximation is less
than 2 percent and the measurement accuracy in the 800° K to 1100° K
region is no better than 5 percent, therefore, equation (34) will be

applied to the range of 300° K to 1100° K.
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For ease of application, equation (34) is put in the following

form:

IK'Ké'/IO

(K' + K3 + 1){[Gj(v/v°)l}

Bohe

s (37)

K'(K' + l) + 2"s 2.3 10810

vhere v, 1s a reference wave number used to normalize v. Following
reference 1, v, value is chosen for K' - Ké' = 3-2 <transition. Also,

Z" 1is Jjust the logjo of Z', vhich is a constant.



CHAPTER II
EXPERIMENTAL SYSTEM

The purpose of this section is to describe the apparatus and major
characteristics of the experimental system. The experimental system
(fig. 3 and, for example, fig. 13) may be divided into three subsystems:
test gas temperature and vacuum control, electron beam, and optical and

electronic detector system.

Test Gas Temperature and Vacuum Control System

The test gas temperature and vacuum control system (figs. & ang 5)
was designed to provide flexibility in temperature and vacuum test con-
ditions. Temperature and pressure operating ranges are approximately
300° K to 1100° K and 133.3 to 6.7 x 1073 N/m? (1 torr =~ 133.3
nevton/meter<),

The major component of the system is the test chamber which
consists of three concentric cylinders. The outer cylinder is a
stainless steel water-cooled jacket and is fitted with vacuum-tight
water-cooled top and bottom covers. Each cover is fitted with
large flanges., attached to extensions, for mounting test hardware.
Three 3-inch optical grade quartz windows are located in the outer
cylinder wall. The next concentric cyliander consists of a helically
wound nickel ribbon heating element (fig. 6) and is attached to

ceramic supporting rods. Electrical connections are made to
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copper electrodes which extend through the outer cylinder. The inner
cylinder is an 8-inch-diameter 15-inch-long stainless steel electro-
static shield (fig. 7) and is grounded together with the outer cylinder
to prevent charge buildup on the walls. Also, the inner cylinder pro-
vides a more uniform heating surface for the test gas than would be
provided by the ribbon heating element. The inner cylinder is equlpped
with end covers which have openings for passage of the electron beam.
Three 1-1/2 inch diameter openings are provided in the cylinder wall
and are located in line with the viewing windows of the outer cylinder.

Rectified heater current is supplied from a 440 Vac 3-phase system.
Terperature control is provided by coarse and fine rheostats. Tempera-
ture is regulated within +10° K of the preset value by an on-off
automatic pyrometer. A maximum operating temperature of 1100° K was
oi:te.ined for a heating element voltage and current of 35 Vdc and
50 amperes.

A 35 psi water cooling system is provided as a heat sink for the
outer chamber wall and covers, as well as cooling the diffusion pump.
An interlock system prevents operation of the heating system and
diffusion pump unless proper cooling flow is established.

A 5 CP™M mechanical pump, 750 liter/sec diffusion pump, cold trap

and necessary isoleting valves comprise the vacuum pumping system. A

pump was used to maintain the test chamber at the desired pressure.
Vacuum conditions of the test chamber are monitored by two types of

2
detectors. The pressure range from 133.3 to 1.3 X lO'l N/m is monitored
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by & thermocouple-type vacuum gage, and from 1.3 X 1071 to 6.7 x 1079 I!/m2

is covered by an ionization-type vacuum gage.

Test Chamber Temperature Survey

A temperature survey of the inner cylinder wall was conducted to
establish wall temperatures for various _reference temperatures. Twelve
thermocouples were attached, with bolts, to the inner cylinder wall and
monitored with a 2k-channel recorder. The thermocouples and recorder
vere calibrated with standard temperature sources.

The thermocouplea. vere divided into three groups of four. One group
was located midway between the ends of the cylinder, the other two groups
were located 2-1/2 inches from the ends. The four thermocouples in each
group vwere equally spaced about the cylinder circumference. One thermo-
couple of the center groui: was located at the same point as the pyrometer
sensing thermocouple which was selected as the reference temperature point.

The resultant inner chamber temperature versus indicated pyrometer
temperature curve is shown in figure 8. An extrapolation of the data from
780° K to 1100° K was necessary because of the limited range of the recorder.

A second survey was conducted in conjunction with the first survey
with an electron beam current of 1000 uA passing through the test gas
with the test chamber at approximately 300° K. The temperature of
the reference point was 7° K higher than without the beam. The lowest
group of thermocouples was 1h° K higher and the upper groﬁp was 5° K

higher. A similar test was conducted with the test chamber reference
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point at 600° K. But, at this higher temperature s no detectable innmer
wall temperature difference between the test without the beam and with
the beam were noted.

Next, a temperature survey was conducted to determine the inner
container bottom plate heating caused by scattered primary and secondary
electrons. Ten thermocouples vere attached to the under side of the plate.
The temperature of the point monitored by the inner thermocouple No. 4
(fig. 9) varied from 288° K for no beam, to 383° K for a 1450 pA beam.
For the same beam current range, the outer thermocouple No. 1 varied from
288° K to only 338° K. The variations of temperature with current were,
however, difficult to establish because the center of the beam shifted
slightly with changes in beam current.

These results indicated that heating was preseﬁt due to scattered
15rima.ry and secondary electrons impinging on the bottom plate of the
inner cylinder. This created a small tenrpergture gradient through the
length and across the radius of the test chamber. The temperature
gradient through the length decreased with an increase in wall tempera-

ture and the data indicated same variations could be expected radially.

Electron Beam System
The purpose of the electron beam system is to supply high-energy
electrons, 25 to 28 Kev. The electron beam system is illustrated in a
block diagram (fig. 10) and the design and construction details are
covered in reference 12.
The electron gun (figs. 11 and 12) is insulated from the test

chamber. Since the chamber is at ground potential and serves as the
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beam collector, the current measured by the micro-microammeter 18 the
beam current.

The electron gun was operated at pressures of 1.3 x 10~2 N/m? or
less. In order to maintain the gun pressure lower than the test chamber
pressure, a 2-1/2 cm long plug with a 1l-mil hole is placed in the end of
the drift tube (fig. 11). This arrangement causes & pressure gradient
across the length of the opening. With an increase of chamber pressure
to approximately 53.2 N/m2, the gun pressure rises above the upper
operating limit.

Optical and Electronic Detector System

The purpose of the optical and electronic detector system is to
a.ﬁa.lyze the test gas fluorescence. A block diegram (fig. 13) 11lustrates
the system.

The major component of this system is the 0.5 meter Fastie-Ebert
mount scanning spectrometer. This instrument has 16.0 A/mm dispersion
in the first order and a 0.2 1?. resolution. A photomultiplier tube which
has a quartz window and S-13 spectral response characteristic is mounted
at the exit slit. The high-voltage power supply for the photomultiplier
has & stabllity of 0.005 percent per hour.

The micro-microammeter is a vacuum tube electrometer with an
emplifier used to drive a strip chart recorder which has been modified
to have a floating zero. The response of the available recorder was
1 second full scale which is slower than the 0.5 second of the amplifier.
Based on the relative slow response of the recording system, a 5 R/min

scanning spectrometer speed was required.
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The relative spectral response of the spectrometer, photomultiplier,
and lens, as a system, was determined. This calibration was accomplished
by using a standard tungsten lamp source whose spectral characteristic

wes known. The correction factor for intensity ratio of the 0-1/1-2 bands

was 0.97.



CHAPTER III
EXPERIMENTAL DATA

Data Acquisition

The relative rotational line and vibrational baend intensities
are required to determine the rotational and vibrational temperatures
of the test gas. A detectable radiation level was obtained by operating
the electron beam system to deliver 900 puA, or greater, and maintaining
the test chamber at a pressure of approximately 26.6 N/m@ at 300° K.

The 0-O and O-1 bands of N} were selected for the rotational
temperature measurements since these are the strongest bands in the
temperature range of this work. Spectral surveys of these bands were
performed with a 25-micron spectrometer slit width so that the instru-
ment width would be greater than the line width which allows line
intensity values to be determined directly from the recorded peak values.
Also, 25-micron slit width is sufficiently narrow to obtaln the necessary
resolution.

Surveys were made at 100° K intervals over the test chamber range,
300o K to 1100° K. A recording of a band used for a rotational
temperature measurement is shown in figure 1ik.

The 0-1 and 1-2 bands of N} were selected for the vibrational
temperature measurements since there is no overlapping by second positive
systems of No and no strong overlapping by other first negative bands

of N‘é’ at low temperatures. The relative band intensities for this

28
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work were obtained by measuring peak values of the P-branch envelope.
It was necessary to select a spectrometer slit width of 250 microns to

obtain sufficient spectral width to cover the P-branch between the band
origin and band head. For vibrational temperatures equal to or less
than 400° K, the major portion of the P-branch intensity is contained
between the band origin and band head and that portion which lies
beyond the band origin may be neglected with no more than 2 percent

error.

Deta Reduction

Once the recorded traces, similar to those shown in figures 1l and
15, have been obtained, rotational and vibrational temperatures may be
determined. The procedure for the rotational temperature measurement
1s to measure the peak Mue of a rotational line and enter this wvalue
into equation (37) for IK'Kz"' It is necessary at this point to make
an estimate of the rotational tempersture by noting the rotetional line
at which maximum intensity is recorded. With the ald of this estimate,
a value for {[G](v/vo)“} 1s determined from tables 1 or 2. This
procedure 1s repeated for each rotational line. The next step is to
plot each point, for strong lines, on a graph (e.g., fig. 16), then by
least squares fit detemine the best straight line. From the slope of
the curve, a rotational temperature may be determined. I this valiue
does not agree with the estimated value, the process 1s repeated with
another temperature estimate and this process is repeated until the
estimated and calculated temperatures fell within the smallest tempera-
ture division of the table of {[G](v/vo)h} valués. The entire

procedure 1s repeated for the weak line system of the band.



For rotational temperatures of 400° K or less, vibrational temp-
erature is determined by the ra.t:l.d of the pesk values of the P-branch
envelopes of 0-1 and 1-2 bands. This measured ratio is then corrected
for the spectral calibration factor. The corrected value is applied to
the curve of figure 2 to give a vibrational temperature. |

For rotational temperatures above 400° K, the peak of P-branch
may not be used satisfactorily because the upper rotational levels
become more heavily populated, with the corresponding lines falling
outside of the spectral width viewed by the spectrometer. Also, there
is strong overlapping of the R-branch of the 0-1 band on the P-branch
of the 1-2 band. The procedure at these temperatures is to measure the
total area under each band trace. The 1l-2 band area must be corrected

for the overlap by 0-1 band.



CHAPTER IV
RESULIT'S

Rotational Temperature Measurement Results -

Experimental rotational temperature measurements and assoclated
plots are shown in figures 16 through 33. A weighted mean temperature
and standard deviation for each u; band, 0-0 and 0-1, for each test
temperature is given in tables 3 and 4. The weighted mean temperature
is determined from the measured temperatures given by the strong and
weak line systems of a band. Finally, a plot of percent difference
between the weighted mean temperature and reference temperature is
presented in figure 3k4. |

Figure 34 shows that the largest error between the measured and
reference temperatures is no greater than *8 percent. Therefore, this
work demonstrated that reasonably accurate rotationel temperature measure-
ments between 300° K and 1100° K can be made by observing gas fluorescence
that is a result of inelastic collisions between electrons and gas mole-
cules. In addition, the measurements show that the relative number
density population of N;Bail;: could be determined with sufficient
accuracy to permit good rotational temperature measursments.

Figures 16 through 33 illustrate good straight line fit of the data
points. This good straight line fit indicates that the steady-state
population distfibution within the Np ground electronic state, Naxlzg,
was Boltzmenn, and the Boltzmann distribution was not significantly dis-
turbed by the high-energy electrons.
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An exemination of figures 16 through 33 shows that the number of
points which fall below the curves increases with temperature. The
deviation of these points is the result of the overlapping of the P-branch
on the R=branch. The amount of overlapping increases with an increase in
population of the upper rotational energy levels which increases with
temperature. When the intensity of a P-branch rotational line is approxi-
mately 1 percent of the intensity of an adjacent R-branch rotational line,
then the resultant measured line intensity is significantly affected.
Therefore, using the 1 percent criteria, all affected R-branch lines

were not included in the temperature measurement.

Vibrational Temperature Measurement Results

Vibrational temperature measurements were conducted only for low
temperatures, 300° K a.nd‘ 400° K. The experiments, for vibrational tempera-
tures, were restricted to these low temperatures because there is a strong
overlap of the O-1 band on the 1-2 band at the higher temperatures.
Measurements cbuld have been made for higher temperatures but would have
required an estimated correction for the overlap. This correction would
increase with temperature and would he difficult to determine accurately.
Therefore, it was felt that the low temperature measurements were sufficient
to show the adequacy of the theory and transition probabilities used. Also,
the relative number population of the vibrational energy levels, vi = 0
and v' = 1, could be determined. The results of these measurements are
shown in figure 2. The resultant measurements were accurate within

¥18 percent.
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Errors

The errors which affected the preceding results may be divided
into random and systematic errors. The most important error which
affected the accuracy of this work appears to be systematic. This
systematic error is apparent in figure 34. A definite plus to minus
change of percent difference between weighted mean temperafure and
reference temperature is noted as the reference temperature is
increased for both N; bands. This is probably due to a difference
between the true gas temperature and the reference temperature as a
result of electron heam heating of the bottom plate. The assumption
that there 1s probably a difference between the reference temperature
and true gas temperature 1is ba.sed‘ on several observations. First, it
should be noted that to determine the true gas temperature, at the
pbint of observation, is very difficult. It is difficult, even in a
static environment, because the accuracy of measurements by any type
of probe is affected by gas density, conduction, convection, radiation,
and even the probe itself. These effects which must be corrected for
are extremely difficult to determine. Also, the determination of the
true gas temperature with any physicel sensing probe, at the point of
test observations, is even more difficult when the electron beam is
passing through the chamber.

Even with all the above difficulties, the magnitude of the effect
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ting on the bottom plate may be Judged from the

observations given in the Test Chamber Temperature Survey section. It

was pointed out that an increase in the inner cylinder wall temperature

was noted with the beam on when the reference temperature was approximately
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300o K. This increase in wall temperature was only 7° K at the reference
point. Therefore, it appears that the heating at the point of observa-
tion would not be too large. It was also noted that at 600° K no
noticeable change in wall temperature with the beam on was noted. There-
fore, the effects of the electron beam heating on the gas temperature

are small. Note that it was in the 600° K to TOO° K region of figure 34
that the best agreement was obtained.

Coupling the above observations with the observations of refer-
ences 1 and 2, which showed that measured gas rotational temperature
was independent of beam current and potential s 1t appears reasonable to
assume that a systematic error exists; The conclusion is that this
systematic error is due to the difference between reference temperature
and true gas temperature.: |

The random errors which affected the rotational temperature measure-
ments are chart reading errors with a maximum of +3 percent and errors due
to signal noise, approximately +2 percent. In most all cases the mean
square deviation of all data points was less than the error assigned to
these causes. Also, the good agreement of the data to a straight line
shows that random errors were small.

The major uncertainties affecting the vibrational temperature
measurements are contained in the transition probabilities, 10 percent >
accuracy of the recorded data, 3 percent, and the calibration of the
optical-electronic system, 15 percent. An overall uncertainty of +18 per-

cent was assigned for the vibrational measurements.



CHAPTER V
CONCLUSIONS

Rotational Temperature Measurements

Experiments that were performed showed that the theory presented
here for determining the rotational temperature of the ground electronic
state of nitrogen from the relative intensities of the rotational
structure of nitrogen's first negative system was reasonably accurate
for the 300° K to 1100° K temperature range. The results of the experi-
ments indicated a minimum accuracy agreement with theory of *8 percent.
In addition, it was found that rotational temperature measurements of

N2X12+ could be performed equally well with the 0-0 and O-1 bands

Vibrational Temperature Measurements

The experimental measurements of the vibrational temperature of the
ground electronic state of nitrogen were within the estimated measurement
accuracy of 118 percent. The experimental results show that the theory,
for the determination of the vibrational temperature of nlez:; in air
from the relative band intensities of NE, was at least as accurate as
the transitional probabilities used in this work. I{ was also shown that
with the proper spectrGueter slit width the vibrational temperatures may
be determined from the relative peak values of the P-branches of the 0-1
and 1-2 bands of Nj for rotational temperatures equal to or lese than
koo° K.

35



36

Discussion

Improvement in the accuracy of the measurements could be realized
through & more precise temperature measurement of the test gas. It is
possible that this could be obtained through modification of the test
chamber which would be directed toward obtaining a more uniform test
gas temperature throughout the interior. A more uniform temperature
could be obtained by heating the top and bottom of the inner cylinder.
Another possibility might be to create a low=-velocity air flow in the
test chamber.

It also would be of interest to conduct experiments for the measure-
ment of rotational and vibrational temperatures for test gas temperature
equal to or less than 300° K. These experiments would yield useful
information on the validity of the theory in the low~temperasture region
where the population is concentrated in the low rotational energy levels.
Also, at these temperatures the magnitude of the overlapping of various
adjacent bands of NE would decrease significantly and could be neglected
with an error of less than 1l percent which would permit the determination

of various vibrational transition probabilities more accurately.
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SYMBOLS

defined by equation (27)

transition probability for emission between states n
and m

transition probability for emission between vibrational
energy states v' and v%

transition probability for emission between rotational
energy states K' and K}

rotational constant related to the vibrational level V! = 0

1l

rotational constant related to the vibrational level v_!l'.

represents the electronic wave function for N;B22:;

excitation function which describes the electron-molecular
excitation process

ratio of the excitation function to depopulation rate of
NBorY  state

speed of light

dipole moment, x component

characteristic energy of K{ rotational energy level

characteristic emergy of vj vibrational energy level
electron charge

primary electron

secondary electron
rotational term (ref. 7)

37




"

IV'VQ

J, J"
K'

NIt

defined by equation (36)
vibrational term (ref. 7)

Planck's constant

intensity of emission for transitions between n and
m states

intensity of emission for transitions between K' and
K" rotational energy levels

reference intensity Aof emission

intensity of emission for transitions between v' and
v3 vibrational energy levels

quantum number of the total angular momentum

quantum number of rotational energy level of l+2322;

quantum pumber of rotational energy level of NQXJ'ZT;

quantum number of rotational energy level of n;xez"

Boltzmann's constant

quantum number of a component of total angular momentum

number density population of state n

steady-state number density population of uexlz;‘

steady-state number density population of a rotational
energy level K' of NSBOEY

steady-state number density population of a vibrational
energy level v' of N:'?B'?Z‘:

neutral nitrogen |

ionized nitrogen
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excited ion state of lfé'
ground state of N,

ground state of N}

relative rotational line strength for excitation

relative rotational line strength for excitation, R-branch
and P-branch, respectively

relative rotational line strength for emission

relative rotational liné strength for emission, R-branch and
P-branch, respectively

band strength

rotational partition function

vibrational partition function

momentum transfer term

Franck-Condon factor

depopulation rate of N;Bz}:;:

eléctronic transition moment for electronic states 1
and J

position vector of ith orbital electron

nuclei separation

position vector of primary electron with respect to
point of observation

distance between primary and secondary electrons

distance between primary end ith orbital electrons

position vector of secondary electron with respect to

point of observation




ré position vector of secondary electron with respect to
molecular axis

Sg.', Honl-London factor
'ER rotational temperature
v vibrational temperature
v velocity of primary electron
Vo velocity of atomic electron

. : +B2 +
v vibrational energy state of N B°L
"), Vi vibrational energy states of N;Baz‘.:
vy vibrational energy state of nlez;
v'2' vibrational energy state of 1@(22;
X &8 constant of A'V'K" V§ lCé
xlz; represents the electronic wavefunction for nexl}:;

z, 2*, 2" constants defined in the text

8 scattering angle of primary electron
8, X, @ Euler angles
Ay, A" quantum number of the resultant electronic orbital

angular momentum

Vom wvave number of nm transition

9, excltation cross section

Ou2g angular characteristics of an orbital electron of Nle 2‘.‘;
Vo electronic state wave function

Vevd AN molecular wave function.

LA rotational state wave function

¥y vibrational state wave function



1.

REFERENCES

Muntz, E. P.: Measurement of Rotational Temperature, Vibrational
Temperature, and Molecular Concentration in Non-Radiating Flow
of Low Density Nitrogen. University of Toronto, Institute of
Aerophysics, Report No. Tl, April 1961l.

Davidson, Gilbert: The Fluorescence of Air and Nitrogen Excited
by 50 Kev Electrons. American Science and Engineering, Inc.,
N65-15109, 1963.

landau, L. D., and Lifshitz, E. M.: Quantum Mechanics: Non-

Relativistic Theory. Addison-Wesley, 1958.

Richtmyer, F. K., Kennard, E. H., and Lauritsen, T.: Introduction
to Modern Physics. McGraw-Hill, 1955.

Wannier, G. H.: Physical Review. 90, 817, 1953.

Tanaka, T., Namioka, T., and Jursa, A. S.: Canadlan Journal of
Physics. 39, 1138, 1961.

Herzberg, G.: Spectra of Diatomic Molecules. D. Van Nostrand and Co.,
1950.

Bates, D. R.: Proceedings Royal Society. A196, 217, 1949.

Wallace, L. V., and Nicholls, R. W.: Journal of Terrestial Physics.
7, 101, 1955. |

Gaydon, A. G.: The Speclroscspy of Flame. Cheyman and Hall, 1957.

Johnson, R. C.: An Introduction to Molecular Spectra. Methuen and Co.,
1949. '
Ocheltree, S. L.: KASA Technical Report. Not released as of this date

k3




VITA

The author was born in South Norfolk, Virginia, om March 26, 1930.
He graduated from South Norfolk High School, South Norfolk, Virginia,
in June 1948; Newport News Shipbuilding and Dry Dock Company Apprentice
School, Newport News, Virginia, in July 1955; and received a Bachelor
of Electrical Engineering degree from the University of Virginia,
Charlottesville, Virginia, in June 1958. The author entered the graduate
school of the College of William and Mary in September 1963. He is
presently employed by the National Aeronautics and Space Administration,

I\.angley Research Center, langley Station, Hampton, Virginia.

PSS

PUSSEREIREEE

——



b3

8060 °C
8280 °C
1620°C
L190°C
s090°*C
9¢60°C
TL%0°C
80%0°C
84%¢0°C
2620°0C
6€20°C
8810 °C
Z%10°C
6600°0
6600°C
€200°C
0100 °C-
8€00°C-
$300°C-
6800 °0-
€010 "0~
LT110°C~-
Le10°C-
ee10°C-

0°00¢

1¢11°0
Z601°0
1L560°0
%980°0
SLi0°0
0690°0
£090°0
6260°0
¥S4%0°0
€8e0°0
91¢0°0
€6¢0°0
¥610°0
0%10°0
0600°0
¥4%00°0
€000°0
€eQ00°0-
$900°0-
2600°0~
»110°0-
T¢10°0-
Y»10°0-
16100~

0°s21

ZISTI*0
LEeT1°0
$9¢1°0
LHT1°0
2e01°0
2¢60°0
9180°0
%1.0°0
L190°0
2260°0
LeH0°0
%5e0°0
8L20°0
90¢20°0
0%¥10°0
0800°0
9200°0
2¢00°0-
€900°0-
6600°0-
L210°0-
0s10°0-
9910°0-
6L10°0-

0°0s1

L102°0
e161°0
¢slL1°0
s6S1°0
eyy1°0
S6¢1°0
2611°0
S101°0
£€880°0
L£sl0°0
8€90°0
#¢50°0
81%0°0
02¢0°0
62¢0°0
s%10°0
0400°0
%000°0
%600°0-
%010°0-
74%10° 0~
%L10°0~
9610°0-
8020°0-

0°621

aNvg  0-0

220¢€°0
L612°%0
916¢°0
66€2°0
LH%1¢°0
0%61°0
8elL1°0
£vs1°0
sGqe1*0
€L11°0
0001°0
6e80°0
619G°0
€€s0°0
86€0°0
%12¢0°0
1910°0
0900°0
£200°0-
Z010°0-
Z2910°0-—
8020°0-
1%Z0°0-
8620°0-

0°001

96L%°0
122 4 AdY)
eli»°0
1L61€°0
s8%€°0
LI11€"0
9182°0
0862°0
1622°0
010Z2°0
6€L1°0
L1%1°0
8221°0
1660 °0
69.0°0
2950°0
€LE0°0
€020°0
%500°0
€200°0-
8L10°0-
2620°0-
21€0°0~-
T%¢0°0—

0°s.

ANVE 0-0 ¥0d SHMTIVA :Ao{a_..& Oloyy -1 mmavs

894%8°0
»96L°0
29910
1969°0
29%9°0
G956°0
1L%6°0
186%°0
96%%°0
910%°0
¥HGe 0
180¢€°*0
0€92°0
2612°0
¢LL1*0
Z2LET"0
8660°0
€s90°0
eveQ°0
€100°0
2410°0—~
Sle0°0-
SHH0°0—
2060°06-

0°0¢

0°¢ed
0°¢¢
o°1¢
0°0¢
o°61
0°81
oLl
0°91
0°sl
0°%1
0°cl

[oNejaoNoNeNajoNoNoNoNoNe]

[}
OmrNMIETNOMNDODOPPO~N
i = —4

e & o & & 9

A

(d) 1



Ll

L820°C
0%¢o°C
%e20°C
6020°0
Ss810°0
Z910°0
o%»10°C
6110°C
6600 °0
0800°C
2900°C
s%00°C
0€00°C
s100°C
2000°0
T1100°C-
2¢00°Cc-
2€00°C-
Z%00°C-
0600*C~-
£500°0-
€900°C~
8900°C-~
1400°C-

0°00%

16€0°0
81e0°0
1820°0
9620°0
12¢0°0
6610°0
2L10%0
Ly10°0
22100
0010°0
8L00°0
8600°0
6€00°0
1200°0
$000°0
0100°0-
€200°0-
9¢00°0-
9400°0-
9600° 0~
%»900°0-
1400°0-
9L00°0~
0800°0-

0°0s¢e

s6£0°0
89€0°0
€Ce0°0
882070
96¢20°0
%220°0
%610°0
$910°0
6€10°0
¢110°0
6800°0
L900°0
9%00°0
9200°0
8000°0
6000°0~
%Z00°0-
Le00°0-
6%00°0-
0600°0—
8960°0-
9.00°0~
1800°0~
9800°0~-

0°gce

0s%0°0
80%0°0
89¢0°0
62¢0°0
2620°0
£620°0
£cc0°0
1610°0
0910°0
1€10°0
%#010°0
8.00°0
$600°0
¢e00°0
¢100°0
10C0°0~-
#200°0-
6€00°0-
¢600°0~
%#900°* 0~
€2400°0-
1800°0-
8800°0-
2600°0-

0°00¢

aNve 0-0

12600
€L%0°0
LZH%0°0
Z8e0°0
0%€£0°0
6620°0
0920°0
€220°0
88T0°0
ss10°0
%210°0
%600°0
2900°0
1%00°0
8100°0
€000°0-
€200°0~
0%00°0-
6s00°0~
8900°0-
6,00°0-
8800°0—
5600 °0-
6600 °0-

0°si¢

PSUTIUO) - QNVH 0~0 HOd SHATVA ioiéﬁ&

€190°0
L6600
%060°0
2s%0°0
¢G%0°0
66e0°0
60c0°0
9920°0
§220°0
9810°0
J6¢10°0
Ss110°0
$800°0
$600°0
1L200°0
¢000°0
1200°0-
0%00°0~
8600°0—
€L00°0-
9800°0-
9600 °0-
€010°0~
6010°0-

0°0s¢

Ologr -1 @TEVE

1e10°0
129070
1090°0
9%50°0
18%0°0
Te4%0°0
L1€0°0
6ée0°0
9220°0
0€20°0
9810°0
SH%10°0
LOTO®O
2.00°0
0%00°0
0100°0
L100°0-
0%00°0-
1900°0-
6L00°0-
#500°0-
S0T10°0-
»110°0~
0210°0-

0°¢ccd

0°ed
o°ee
0°1¢
0°0¢
0°61
0°81
0Ll
0°91
0°al
0°%1
0°¢cl
0°21t
c°1t
00t

[eNeNoNoNoNoNoNeNe)
[ ]
O~ ONMEINOMN OO

L]

b4

td) 1l



b5

»»10°0
1€10°C
8T110°C
9010°C
%600°C
£800°C
2L00°C
Z900°C
26s00°C
2%00°C
€e00°0
6200°C
LT00°C
6000°C
2000°C
s000°C-
T100°C~
L100°C-
2200°¢C-
L1200 °*0-
2e00°0-
9¢00°C-
6£00°C-
Z%00°C-

0°06¢

¢s10°0
8€10°0
$210°0
T110°0
6600°0
L800°0
9.00°0
$900°0
%600°0
%%00°0
#€00°0
6200°0
2100°0
6000°0
10000
9000°0-
2100°0-
8100°0-
%200°0~-
6200°0-
%€00°0-
8€00°0-
Z%00°0-
$%00°0-

0°002

Z910°0
L%10°0
c¢e10°0
8110°0
s0T0°0
2600°0
0800°C
8900°0
£L600°C
94%00°0
9¢00°0
9200°0
L100°0
6000°0
T000°0
L000°0-
%100°0-
0200°0-
9¢00°0-
1€00°0-
9¢00° 0~
0400°0-
%4%00°0-
£%00°0-

0°069

%#.10°0
8610°0
Z%10°0
L210°0
€110°0
6600°0
9800°0
€L00°0
1900°0
6%00°0
8eQ0°0
8200°0
8100°0
6000°0
0000°0-
8G00°0-~
6100°0~
2200°0-
8200°0-
Y¢00°0-
6€00°0~
£%00°0~
L%00°0-
0600° 0~

0°009

aNveg  0-0

1610°0
€L10°0
9s10°0
6€£10°0
€210°0
8010°0
£600°0
6400°0
2900°0
£600°0
1%06°0
0e00°0
6100°0
6000°0
000C°0-
6000°0-
L100°0-
%200°0-
1¢00°0—
L€00°0-
Z%00°0-—
L%00°0-
1s00°0-
%600°0~-

0°0ss

PIMUTIUCY - (ANVH O-0 HOJd SANIVA :Ao\—\ >vﬁwu

€120°0
€610°0
$113°0
6610°0
LeT0°0
0210°0
%010°0
8800°0
€100°0
6600°0
9%00°0
€e00°0
1200°0
0100°0
0000°0-
0100°0~
6100°0~-
1L200°0-
%¢00°0-
1%00°0-
9%00°0—
1600°0-
ss00°0-
6s00°0-

0°00¢

Oloot -1 @mvL

Y4%20°0
1220°0
6610°0
221070
L1SsT10°0
Le10°0
6110°0
1010°0
%¥800"0
2900°0
2s00°0
8e00°0
%2¢00°0
Z100°0
0000°0
1100°0~-
1200°0—-
0e00°0-
8€00°0~

S%00°0-

1600°0-
9600°0~
1900° 0~
¥900°0-

0°0%%

0°€l
0°2¢
0°1¢
0°0c¢
0°61
0°81
0°21
0°91
0°sl
0*%1
0°¢el

. L
CmNMETNONDOON
L B B ]

LI I

000000000000
[

(4l 1



46

LT10°0
L0T0°C
1600°C
8800°C
6L00°C
0L00°0
2%00°C
¥500°C
9%00°C
6€£00°C
2e00°C
szZoo-°C
g8100°0C
Z2100°C
9000°0
1000°0
%000°C-
6000°C-
%1000~
8100 °C-
2200°C~
6Z200°C-
6200°C-
2e00°C~

0°00T1

6110°0
6010°0
6600°0
6800°0
0800°0
1200°0
£€9060°0
¥600°0
94000
6£00°0
2e00°0
§200°0
8100°0
Z100°0
%000°0
0000°0
s000°0-
0100°0-
s100°0-
6100°0-
€¢00*0-
9200°0-
0€00°0-
€€00°0-

0°0s01

22100
I110°0
1010°0
1600°*0
2800°0
2L00°%0
%900°0
§600°0
L%00°0
6€00°0
¢e00°0
%2000
8100°0
1100°0
s000°0
0000°0-

9000°0—-

1100°0~-
9100°0-
0c00°*0-
#¢00°0-
82060°0~
1€00°0-
%¢00°0-

0°0001

s210°0
$110°0
€010°0
€600°0
£800°0
#100°0
6900°0
9sC0°0
L5000
6£00°0
2e00°0
$¢200°0
LT100°0
1100°0
SC00°0
1600°0-
L000°0-
¢100°C~-
L100°0-
1200°0~
sc00°0-
6200°0-
¢€00°0-
Sse00°0-

0°0%6

GNvE 0-0

8210°0
LTTI0°0
S010°0
$600°0
6800°0
SL00°0
9%00°0
1S00°0
8%00°0
0%06°0
Ze00°0
¥200°0
L100°0
0100°0
¥000°0
20006°0-
8000°0-
€100°0-
8100°0-
2200°0-
L2C0°0-
0€00°0-
%€00°0-
Le00°0-

0°006

PopNTouc) - QNVE 0~0 HOJd SHIIVA ioié@u_

Zetl0°0
0210°0
601070
8600°0
8800°0
LL00°0
£900°0
8§600°0
6%00°0
0%00°0
2e00°0
%200°0
LT00°0
0100°0
£€0603°0
€000°0~
6000°0-
$100°0~-
6100°G-
%200°0-
8200°0—
2e00°0-
Se00°0—
8€00°0—

0°0s8

LETO®C
6Z210°0
€110°0
Z010°0
1600°0
0800°0
0200°0
G900°0
¢s00°0
1%00°0
€e00°0
$200°0
L100°0
6000°0
€000°0
»000°0-
0100°0-
6100°0~
1¢00°0~
6Z00°0-
0ed0°0 -
%¢00°0-
1e00°0~
0%00°0-

g°008

Olyyr -1 mrava

0OO0DODOOOODO
s 9 0 0 0 0 v 0
O NN TINOMNOO

¥.

(d)1



k7

6260°C
»%80°C
9910°C
0690 °C
L190°0
8450 °C
18%0°C
L1%0°C
96€0°0
6620°C
s%20°0
%610°0
IR AL Y
€010°C
Z900°C
9¢00°0
8000 °*C-

1€£00°C—

€900 °0-
$800°0—
€010°0-
L110°C-
8Z10°C-
»¢10°0-

0°00¢

89T11°0
6901°0
2L60°0
8.80°0
88.0°0
1040°0
8190°0
8€<0°0
29%0°0
06€0°0
2¢e0°0
6520°0
6610°0
$¥%10°0
€600°0
L%00°0
s000°0
2e00°0-
»900°0-
1600°0-
»110°0~
2e10°0-
Y%10°0-
Z2s10°0-

0°SL1

0es1°0
€0%1°0
0821°0
0911°0
s%01°0
€e60°0
9280°0
€Zl0°0
5290°0
ces0°0
ey%0°0
09¢0°0
28¢0°0
0120°0
¥%10°0
£800°0
8200°0
0¢00°0~-
2900°0-
8600°0-

L210°0- -

0610°0-
9910°0~
9L10°0-

0°0s1

$602°0
6¢61°0
99L1°0
8091°0
ssy1°0
90¢1°0
Z¢911°0
€201°0
1680°0
%910°0
¥4%90°0
0es0°0
€2¢%0°0
$2e0°0
2ec0°0
8410°0
2L00°0
6000°0
¥600°0-
€0T10°0-
¥%10°0~-
GLT10°0-
L610°0-
6G¢0°0-

0°ad1l

ONVE  1-0

6€0€°0
€182°0
0652°0
2LEZ®0
6512°0
1561°0
6%L1°0
2S51°0
€9€1°0
18T1°0
9001°0
1480°0
%890 °0
LES0*0
10%0°0
9220°0
€910°0
2900°0
9Z00°0-
1010°0-
2910°0-
6020°0-
1420°0-
6520°0-

0°001

€LLH°0
69%%*0
8Z1I%°0
118€°0
L6%€°0
681€°0
988Z°0
8862°0
6622°0
8102°0
S%L1°0
€8y 1°0
¢eltito
$660°0
2L10°0
§950°0
sLe0°0
s0¢0°0
6600°0
€L00°0-
8L10°0~
8920°0-
€Te0*0-
Zy€0°0-

0°s2

QNVE T-0 HOd SANTVA :ﬁo>\>vmmu Toor -2 FTaVE

sg%8°0
086L°0
9L%L"°0
%169°0
HYL%9°0
3L66°0
18%5°0
t66%°0
%0690
%20%°0
166€°0
L80E"0
$e92°0
9%612°0
G121°0
6LeT1°0
6660°0
%S90°0
9€0°0
©400°0
2610°0—
92¢0°0-
9%%0°*0—
L0s0°0-

0°0¢



48

s0e0°C
9270°*C
6%20°C
€220°C
L610°C
€L10°C
0s10°C
8Z210°C
2010°GC
1800 °C
6900°C
1600°C
%e00°C
6100°C
s000°0C
8000°0-
0200°0-
1€00°C-
1%00°C~
6%00°C-
Ls00°C-
€900 ° 0~
8900°C-
cL00°C-

0°00¢%

69¢0°0
Yee0°0
10€0°0
0£20°0
6€¢0°0
01¢0°0
¢810°0
66100
1e10°0
L0T10°0
»8C00°0
€900°0
€%00°0
§200°0
8000°0
L000°*0~
2200°0-
Y€00°0-
9%#00°0~-
9600°0-
%900°0-
1.00°0~-
L100°0-
1800°0~

0°0st

PanUTIUO) - ANVE T-0 ¥Od SHENIVA io\,\é_u& oot -2 FTavs

Z1%0°0
%.€0°0
LeeC*0
20e0°0
8920°0
9¢20°0
5020°0
$.10°0
Lt%10°0
1¢10°0
9600°0
2L00°0
0600°0
0eG0°0
1100°0
9000°0-
2200°0-
9¢00°0-
8%00°0-
6600°0-
8900°0—
9.00°0~
Z800°0-
9800°0-

0°6l¢e

GNVS

L9%G°0
%Z%0°0
£8¢C°0
£Ev€0°0
5C0e0°0
89¢0°0
€€c0°0
661G°0
8310°0
8e10°0
c1t0°0
¥800°0Q
6500°0
9¢00°0
S100°0
%000*0-
2200°0-
LeQ0°0-
1s00°0~
€900°0-
€400°0~-
¢800°0~
880C*0~-
£6G0°C—

0°*00¢

1-0

8€s0°0
68%0°0
19%0°0
96e0°0
2se0°0
0100
0120°0
Zecoco
9610°0
Z¢%10°0
0ETI0°0
0010°0
1L00°0
s%00°0
1200°0
1000°0-
1200°0~
8¢00°0-
%6900°0-
8900°0-
6L100°0-
8800°0~
9600°0-
0010°0-

0°slc

0€90°0
€150°0Q
8160°0
9940°0
s1%0°0
99¢0°0
02¢€0°0
§.202°0
£€20°0
%610°0
9610°9
1¢10°0
8800°0
8600°0
0€00°0
%000°0
6100°0-
6£00°0-
£s00°0-
€200°0-
9800°0-
9600°0-
$010°0-
601G°0~

0°062

%5L0°0
1890°C
2290°0
6950°0
6670°0
Z%%0°0
£8t0°0
Yee0°0
%820°0
Le20°0
£610°0
1610°0
¢110°0
9.00°0
e%00°0
¢100°0
$100°0-
6¢00°0—
0900°0-
8200°0~-
»600°0—
9010°0—-
ST10°0—-
0210°0-

0°e¢
0°2¢
0°1¢
0°0¢
06l
0°81
o0*L1
0°91
0°s1
0°%1
0°¢cl

[eNoNoNoNoNeoNoNoNe]
e 9 e 0 0
O~NMIFTNOM~MOO

-~
b 4

(¥)i



k9

I910°0
L%»10°C
£ee10°0
0210°C
L0T0°C
%600°C
2800°C
0200°C
0900 °0
0s00°C
0%00°C
0€00°C
1200°C
€100°C
5000°C
Z2000°0-
6000°C-
3100°C-
1200°C~
£200°C-
ce00°C-~
9¢00°0-
0%00°C~
€5¥00°C-

0°0sL

6910°0
61070
6e10°0
g¢t0°0
T110°0
8600°0
98C0°0
€L00°0
Z2900°0
1600°0
1%00°0
1€060°0
2¢00°0
€1006°0
%0000
€000°0-
T1106°0-
L100°0~
€200°0-
6200°0-
»e¢00°0-
8€00°0-
Z%00° 0~
¢%00°0~

0°00L

6.10°0
£€910°0
L%1C*0
2e10°0
LTT0°0
€010°0
6600°0
1200°0
6900°0
€600°0
Z%00°0
¢eG0°0
2600
€100°0
%000°0
»000°0-
Z100°0-
6100°0-
5200°0-
1€00°0-
3¢00°0~
1%00°C~
$%00°0-
8%00°0-

0°0s9

Z610°0
%L10°0
LG10°C
1%10°0
s210°0C
0T10°0
9600°0
1800°0
6900°0
93600°0
%%00°*0
£e00°0
€200°0
€100°0
£C00°0
s000°0-
%100°0-
1200°0~
8200°0~—
%€00°0-
6eG0°0-
%%C00°*0-
8%0C°C—
1¢G0°0~

0°G09

anve 1-0

ponuTquUo) - QNVE T-0 ¥OI SHAMIVA io\,\i_”u”_

6020°0
68106°0
1L10°0
£610°0
3¢10°0
6110°0
€010°0
8800°0
%100°0
3900°0
1%00°0
5e00°0
#200°0
€100°0
€0u0*0
L000"0-
s100°0-
€200°0-
0€00°0-
LECO®0-
c%00°0-
L%00°0~-
2¢s00°0-
$s00°0-

0°*0ss

1€20°0
6020°0
6810°0
691070
0s10°0
1€10°0
y110°0
L600°0
180C°0
9900°0
2s00°0
8¢00°0
9¢00°0
%100°0
€000°C
1000°0-
L100°0-
S200°0~-
£€00°0~
0%¥00°C-
94000~
¢s00°0—
9600°0-
0900°0-

0°00s

Olgor -+ FTavVE

2920°0
Le20°C
e1ée g
1610°0Q
69103°0
6%10°0
6210°0
6010°0
2600°0
Gl00°0
8600°0
€000
6200°0
9100°2
€000°2
8000°0-
6100°C-
8200°0-
€000~
%420°0-
1600°0-
1600°0-
2900°GC-
$900°0-

0°osw

0°ed
0%¢¢
0°1c
0°0¢
0°61
0°81
0°¢L1
0°9t1
0°sl
0°%1
0°¢ct
o°¢1

.
—4
—

O00D0LOO0OO0OO0OO0OO0O0O
¢ & 0 @ 0
O AN TN OO
-

b 4

(d) 1



Yel10°C
€210°0
Z110°C
Z010°0
1600°C
2800°C
2100°C
€900 °C
$600°C
9%00°C
8¢00°C
0€00°C
€2¢00°C
9100°C
0100°C
€000°0
2000°C-
8000°*C-
¢100°0-
8100 *C—
2200°C-
9200 °C-
6200°C-
€€00°0-

0°00T1

LeT0"0
GC¢10°0
$110°0
€010°0
€600°0
2800°0
€L00°0
€900°0
s600°0
8%00°0
8c00°0
0€00°0
€200°0
9100°0
6000°0
€000°0
€000°0-
6000°0-
%100°0~-
6100°0-
€200°0~
L200°0-
T€00°0-
»e00°0~

0°0901

6¢10°0
£¢10°0
9110°0
s010°0
%600°0
2800°0
%100°0
%900°0
6600°0
9%00°0
8¢00°0
0€00°0
¢c00°0
Ss100°0
8000°0
2000°0
%000°0—
0100°0~-
Ss100°0-
0¢00°0-
$#200°0-
8200°0-
2e00°0—
6e00°0-

0°000t

Z¢%10°0
0€10°0
8110°0
L010°0
5600°0
§800°0
sL00°Q
¥9006°0
9600°0
L%00°0
8€00°0
0e00°0
22¢60°0
S100°0
8000°0
1000°0
5000°0-
T100°0~
9100°0-~
1200°0-
$200°0-
6200°0-

€€00°0~.

9¢C0°0-

0°0s6

anve 1-0

SH10°0
ee10°0
1¢16°0
6010°0
L600°0
9800°0
3L00°0
$900°0
9600°0
L%00°0
8€00°*0
0€00°0
2200°0
#100°0
L0G0*0
0000°0
9000°0-
Z2100°0-
L100°0~
2200°0-
L200°0—
1€00°0~
%e00°0-
8€00°0~

0°006

DPSPUTOUO) - QNVE T-0 HOd SHIVA :Ao\,\\_v_wm_

0s10°0
LeT0°0
21070
¢T110°0
00T10°0
8800°0
8.00°0
L£900°0
LS00°0
8%00°0
8£00°0
0€00°0
2¢00°0
#100°0
1000°0
0000°0-
L000°0-
¢100°0-
8100°0-
£200°0~
8200°0-
2e00°0-
9¢00°0-
6€00°0-

0°0s8

6610°0
I%¥10°0
8210°0
ST10°0
€C10°C
1600°0
0800°0
8900°0
8G00°0
8%00°0
6¢£00°0
0:00°0
1200°0
€100°0
9000°0
1000°0-
8000°0~-
¥100°0-
02¢00°0-
6200°0-
0eQ0°0-~
be00°0-
8€00°*0-
1%00°0~-

¢c*008

Oloor -2 TV

0°¢ed
0*¢¢
0°1¢2
0°02
0°61
0°81
0°LY
0°91
0°s1
0°%1
0°¢el
0°21

.
L]
[

" v 0 . LI )
LR N el
[

loNeojoNeojoRojoRoloNoNe]
13

.
QriNM TN OM

~

(d4)1



51

TABLE 3.- WEIGHTED MEAN VAILUES OF TR MEASUREMENTS FOR 0-O BAND

Weighted mean Inner cylinder
Measured Tg value of Ty reference temperature
317 £1° K 317 £1° K 297 +10° K
316 t2° K
423 +29 g ko3 £1° K 4o2 £13° K
Lok 40 g
524 10 g 52% +4° g 499 +14° K
511 +3° K
616 +2° X 618 5° K 618 £17° X
631 +5° K
T16 £2° K 17 23° K 716 £18° K
127 £6° K
799 +5° K 8ok 4° X 815 +20° K
808 *4° K
886 =5° K 877 t12° K 898 +22° g
860 +7° K
942 4O K 94T +10° K 99k +24° K
970 +9° K
1035 +2° K 1026 +7° K 1092 +24° K



TABLE 4.- WEIGHTED MEAN VAIUES OF Tr MEASUREMENTS FOR O-1 BAND

1060 $8° x

Welighted mean Inner cylinder
Measured Ty value of TR reference temperature

320 +3° K 320 x0° K 297 +10° K
320 £5° K
419 +1° K 419 £3° ¢ bo2 £13° X
422 £4° g |
504 +2° K 503 +4° K 499 +14° K
482 +10° K
626 £3° K 628 +3° 618 £17° K
633 £5° K
729 +7° K 712 +14° K 716 £18° X
700 +6° K
798 +4° K 787 £3° K 815 £20° K
81 +3° K
862 18° x 833 £14° k 898 +22° K
826 £4° X :
998 £4° K 995 18° K ggh +24° K
972 #12° X -

1147 +38° 1065 +25° K 1092 +24° X



53

|
)
V'=2 —=.——
|
hcv :
\ Vel =0
l
S
, —— K
' V=0~
]
R
P N;Bzz+
2 I
I
V2-1 ——"‘:
|
_t |
—— K ]
"o == 2 S N
V2 0 § —
V1=2 ————
+,, 2t !
NZX Zg !
izt —,
|
1t
— k!
\v[”-0= 1
1 .
N x st
Z

Figure 1.- Partial energy level diagram of nitrogen for
high-energy electron beam excitation-emission process.
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Figure 2.— Graph of vibrational temperature versus Intensity ratio
of O~1 and 1~2 bands of Né‘.
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Figure 3.- Experimental system.



Figure L4.- Test gas temperature and vacuum control system.
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Figure T.- Test chamber inner cylinder.
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Figure 8.- Graph of test chamber, inner cylinder temperature

versus indicated pyrometer temperature.
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Figure 12.- Electron gun.
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